A ship moored in a port is subjected to both the sea waves and the wash waves produced by nearby 8 passing ships. A hybrid numerical model is proposed to estimate the transient response of a moored 9 ship exposed to the two types of waves. The hybrid method is based on the combination of 3-D Rankine 10 source method and impulse response theory. The 3-D Rankine source method is applied to address the 11 wash waves and the wave-structure interactions. The transient response is subsequently simulated in 12 time-domain with the impulse response theory. The transient effect produced by the wash wave impact 13 loads is found to be dependent on the sea waves induced response. The transient effect becomes less 14 significant when the sea waves induced response is strong and vice versa. Besides, the propagation 15 distance of wash waves has a limited influence on the transient response due to the dissipation feature 16 of the divergent wash waves. The transient response in stochastic sea waves is also investigated, which 17 is dominated by the resonant frequency, the sea wave frequency and the wash wave varying frequency. 18
Introduction 20
A ship moored in a port is subjected to complicated external loads, which may induce strong motions 21 of the moored ship. When the motions become very large, marine operations must be terminated and 22 the downtime will be consequently increased. For the safety of operation, the motions of a moored ship 23 in a port should be investigated carefully. 24 Kwak et al. [1] proposed a computational method to estimate the motions of a moored ship taking 25 into consideration of the harbour resonance. The simulation results with and without harbour resonance 26 were compared. Sakakibara and Kubo [2] investigated the low-frequency motions of a moored ship 27 inside ports induced by the harbour resonance. Rosa-Santos et al. [3] examined how the type of fender 28 influenced the mooring tension of a moored ship at an exposed port terminal. Xiong et al. [4] studied 29 the shallow water effect on the motions of a moored barge with both numerical and experimental 30 methods. The second order difference frequency force was incorporated to capture the long-period 31 motions of the barge realistically. A critical depth for shallow water effect was clarified. In a port or 32 coastal region, the sea waves will propagate from deep water to shallow water and the port geometry 33 also has an influence on the wave propagation. A very popular method for wave propagation is theal.
[8] carried out model tests to investigate the hydrodyanmic interaction between a moored ship and a 48 passing ship during overtaking operation. A model test program was launched by Mousaviraad et al. [9] 49 to investigate the effect of configurations, speed and heading angle on ship-to-ship interactions in calm 50 water and waves. Both works proved that the moored ship is subject to considerable hydrodynamic 51 loads due to the passing effect induced by the other ship. Alongside with model test method, analytical 52 and empirical approaches have been developed as well, most of which are based on the slender-body 53 theory. Brix [10] proposed an empirical formula to estimate the maximum values of the longitudinal 54 and the transverse forces acting on a moored ship induced by another passing ship,which is not 55 applicable to very high speed problem. Wang [11] developed an analytical solution to the unsteady 56 interaction of two slender floating bodies with a propagation angle of yaw. Nevertheless, the free surface 57 disturbance was not considered in his model. Apart from the model test and the analytical approaches, 58 the numerical simulation method is also adopted by researchers in the study of ship-to-ship interaction. 59 Pinkster [12] studied the wash effects of passing ships in ports. The reflection of long waves due to the 60 interaction of wash wave and geometry of the port was considered. Yuan et al. [13] proposed a de-61 coupled numerical model to assess the ship-to-ship interaction during overtaking operation in shallow 62 water. A modified Sommerfeld radiation condition taking into account the Doppler shift effect was 63
proposed and thereby their model is applicable to very low speed problem where the scattered wave 64 could propagate in front of the advancing ship. Xu and Zou [14] used a high-order panel method to 65 predict hydrodynamic force on a moored ship induced by a passing ship in shallow water. Calculations 66 were conducted with different water depths and lateral distances between the two ships. An advantage 67 of their method is that the numerical damping caused by the configuration of meshes is limited so that 68 only a few meshes were distributed on the water surface. 69
Until now, the majority of the studies on the response of a moored ship induced by a passing ship 70 are based on the assumption that the two ships are arranged in close proximity and the forward speed isvery low. It inherently implies that the moored ship's motions are mainly dominated by the local wave 72 field. As well-known [6], the wash waves produced by an advancing ship with high speed can travel a 73 long distance with little dissipation (see Fig. 1 ) so that the moored ship will be subjected to substantial 74 wash wave force even if the passing ship is far away as long as the forward speed is high enough. 75
Nevertheless, few studies have been conducted regarding the response of a moored ship produced by 76 the wash waves. In this work, a hybrid numerical model is developed to investigate the transient 77 response of a ship moored in a port when a ship is passing by with high forward speed. It is assumed 78 that the wash waves and the incident sea waves are independent from each other so that they can be 79 addressed separately. The wash waves and their impact loads on the moored ship are simulated with a 80 3-D boundary element method based on the Rankine Green function. Subsequently, a hydro-mooring 81 coupled analysis is performed in time-domain to investigate the transient response of the ship under the 82 joint action of wash waves and sea waves. This paper is organized as following: Firstly, the detailed 83 setup of the hybrid model will be presented and followed by the description of the problem concerned. impulse response theory [16] is developed to simulate dynamic response of the moored ship subjected 93 to sea waves and wash waves. Fig. 2 displays the calculation procedure of the hybrid numerical model. 94
It is assumed that the wash waves and the sea waves are decoupled so that they can be addressed 95 separately. The 3-D Rankine source method is used to address the wash waves and the wave-structure 96 interaction. Afterwards, the transient response of the moored ship under the joint action of the wash 97 waves and the sea waves is simulated with the impulse response theory. 98 99 
114
The wash wave potential is dealt with in the body-fixed coordinate system O0-X0Y0Z0 that moves 115 together with the passing ship. 
with ω is the frequency of the incident sea wave and k is the wave number. 130
The boundary value formula of diffraction potential is given by 131 
147
In principle, it is required that the Rankine source should be distributed exactly on the undisturbed 148 free surface. Nevertheless, a desingularized method is commonly used which raises the elements on 149 free water surface a short distance upwards (see 
Impulse response theory

176
The time-domain motion equation of a moored ship in waves is given by, 177
where M is the mass matrix of the moored ship, (∞) is the added mass matrix at infinite frequency, 179
x(t), ̇(t) and ̈(t) are the displacement, velocity and acceleration vectors, C is the static restoring 180 stiffness matrix, ℎ (t) is known as the retardation function, which can be represented by either added 181 mass or potential damping 182
(t) are the resultant external forces, including the wash wave impact loads, the linear sea wave 184 excitation forces and the hawser-fender tension forces. The wash wave impact loads and the sea wave 185 excitation forces are addressed with the 3-D Rankine source method (Eq. (2) and Eq. (7)). 186
The fender is simulated numerically with a linear-spring model, which is assumed to possess 187 restoring stiffness on sway and roll modes merely. The restoring stiffness matrix of the fender is given 188 by 189 
The hawser is simulated with a lumped-mass approach. As shown in The passing ship is a Wigley vessel with the main dimensions listed in Table 1 The ship is moored in the port through the hawser-fender system. The gap width between the moored 215 ship and the port bank is 13 m. The main dimensions of the moored ship are listed in Table 2 . Properties 216 of the hawser lines are shown in Table 3 . 217 
where Ai is the section area of ship i and Ai ' is the sectional area slope. dt is the lateral distance between 231 the two ships and dl is their longitudinal distance. Please note that Eq. (16) is valid on condition that 232 the lateral distance dt is small and the ship speed u is not very high, since wave elevation effect is 233 neglected. As shown in Fig. 10, the Table 1 . 237 238 
247
The simulation results given by Jason et al. [24] are used here to check whether the present 248 simulation tool is able to capture the far-field wash wave pattern. A combined Rankine/Kelvin source 249 method was developed in [24] , where the near-field and far-field wash waves were computed by the 250 higher-order Rankine source and the Kelvin source, respectively (see Fig. 12 ). 
Convergence study
260
In this subsection, convergence study is conducted to investigate the effects of mesh size and 261 simulation step time. to acquire the response spectrum. As shown in Fig. 20 (a) , the surge motion is mainly stimulated at two 320 frequencies. The major peak is found at 0.025 Hz, corresponding to the natural period of surge motion. 321
Transient responses in calm water
It is consistent with the time series of surge motion, which is dominated by the long period response. 322
Besides, a minor response peak at 0.11 Hz (the significant period of sea waves) is observed. Apparently, 323 the response within this range is produced by the incident sea waves. Similar response feature is 324 identified in Fig. 20 (b) . Nevertheless, a third response peak is found at 0.18 Hz. According to Fig. 14,  325 the variation period of the wash wave impact loads is roughly 5 s. It indicates that the third response 326 peak is stimulated by the wash waves. 327 328 
379
Apart from the ship, the hawsers are also subjected to wave impact loads (Please refer to Table 3  380 and Fig. 9 for the arrangement of hawsers). The tensions are likely to exceed the breaking values if the 381 ship transient movement is too large. Fig. 27 shows the mooring line tensions when the wash waves 382 arrive the ship. The maximum tension force of hawser 3 is 75 kN and it jumps to 85 kN subjected to 383 the wash waves. The transient effect seems to be more observable on the tension of hawser 3. According 384 to the figuration of the mooring system (see Fig. 9 ), hawser 2 mainly bears the loads along Y direction. 385
The wash wave impact is mostly offset by the fender (see Fig. 28 ) and impact load transferred to hawser 386 2 is limited. 387 
404
The propagation distance effect on the transient response is tiny, since the divergent wash waves 405 dissipate little during the propagation process. 
